The sensitivity of the atmospheric radiation budget to ignoring small ice particles (D ≤ 100 µm) in parameterization of the mean effective size of ice particles was investigated by using the Canadian Centre for Climate Modeling and Analysis (CCCma) third generation general atmospheric circulation model (AGCM3). The results indicate that small ice particles play two crucial roles in the radiative transfer that influence the simulated climate. First they inhibit the IR radiation from escaping to space and, second, they enhance the scattering of solar radiation.
Abstract
The sensitivity of the atmospheric radiation budget to ignoring small ice particles (D ≤ 100 µm) in parameterization of the mean effective size of ice particles was investigated by using the Canadian Centre for Climate Modeling and Analysis (CCCma) third generation general atmospheric circulation model (AGCM3). The results indicate that small ice particles play two crucial roles in the radiative transfer that influence the simulated climate. First they inhibit the IR radiation from escaping to space and, second, they enhance the scattering of solar radiation.
On average, these two effects tend to partially cancel each other out. However, based on AGCM simulations, the small ice crystals make clouds more opaque to IR radiation. Generally, 5 year seasonally averaged GCM results suggest that the strongest anomalies in outgoing longwave radiation (OLR) are found in the tropics reaching 15 to 25 Wm -2 in areas where cold high cirrus anvil clouds are prevalent. The global average change in net cloud radiative forcing was 2.4
Wm -2 in summer and 1.7 Wm -2 in winter. These values are comparable to the current radiative forcing of climate since pre industrial time which are estimated to be about 1.5 Wm -2 due to an increase in 2 CO , and 2.4 Wm -2 due to all green house gases increases.
Introduction
Atmospheric General Circulation Models (GCMs) require solar and terrestrial IR radiation to be calculated accurately in order to simulate climate. Ice clouds play a major role in the earth's climate by absorbing the IR radiation and reflecting the solar radiation (Ramanathan et al. 1983; Ramaswamy and Ramanathan 1989; Stephens et al. 1990) . The interactions of radiation with ice clouds are incorporated through parameterization of single scattering properties in terms of mean effective sizes ( ge D ) of ice crystals and some other microphysical variable such as IWC (e.g., Ebert and Curry 1992; Fu 1996; Fu et al. 1998) that are predicted by GCMs. However, ge D is not predicted by most GCMs, but it is inferred from predicted microphysical variables.
Therefore, accurate parameterization of effective sizes of ice crystals in terms of microphysical variables available in the AGCM is crucial for climate studies.
There are various definitions of the effective size of ice particles as summarized by McFarquhar and Heymsfield (1998) and Wyser (1998) . In this paper, ge D is defined following Fu (1996) as 
where i is the density of pure ice, c A is the mean cross-sectional area of ice particles per unit volume. These microphysical variables are normally determined based on in-situ measurements of ice particle size distribution. There are parameterizations of ge D , which are developed based on such in-situ observations that consider small ice particles (e.g., Boudala et al. 2002; Ivanova et al. 2001; McFarquhar 2002 and McFarquhar et al. 2003) . The effective size of ice particles has also been parameterized based on direct in-situ measurements of IWC and c A (or extinction coefficient) (Garrett et al. 2003) . There are also parameterizations of bi-modal size distribution of ice particles as a function of IWC and temperature and thus ge D can be derived provided that IWC and temperature are known (e.g., Ivanova et al. 2001; McFarquhar and Heymsfield 1997) .
However, the current optical probes only reliably measure ice particles for sizes (D > 100 µm).
There are also considerable uncertainties in determining the ice water content (IWC) from observed particle size distributions or direct measurements. As a result of these problems, accurate parameterization of ge D has been a great challenge. Furthermore, as will be discussed later, these parameterizations are developed based on measurements conducted in the tropical or extratropical regions and thus may not be appropriate to be used individually for the entire globe.
In this research, "small ice particles" refers to the ice particles sizes (D ≤ 100 µm) that are not
reliably measured with the current available instruments such as the PMS 2D-C and 2D-P probes, but this definition may differ for other researchers.
Small ice crystals can be important for both solar and thermal infrared (IR) radiative transfer (Platt et al. 1989; Kinne et al. 1992 ). In the geometric optics limit, the extinction of radiation is largely determined by the cross-sectional area (A) of ice particles projected normal to the propagation direction of the radiation. The absorption of solar radiation, however, is determined by both ice water content (IWC) and A. Therefore, the addition of the small particles enhances both scattering and absorption. Note also from Eq. 1 that the addition of small ice particles increases both c A and IWC leading to opposing effects on ge D . However, it has been shown using in-situ measurements in extratropical stratiform clouds that the net effect of adding small ice particles is to decrease ge D on average close to 40% (Boudala et al. 2002) .
The effect of small particles on IR radiation, however, is much more complex than on solar radiation. It has been found that the IR absorption (and hence emission) of ice clouds is more closely related to c A than the ice water path (IWP) (Foot 1988 ). The addition of small ice particles ( D < 60 µm) based on an assumed gamma size distribution has also shown, overall, to cause an increase in the absorption (Stackhouse and Stephens, 1991) . However, it should be noted here that the effect of neglecting small ice particles on the radiation budget depends on the sizes and amount of these particles present in natural clouds, and this is not well known at this time due to limitations of the measurements as mentioned earlier. Using observations in tropical cirrus clouds, Heymsfield and McFarquhar (1996) found that smaller ice particles (D ≤ 90 µm) make up more than 50% of the mass and are responsible for more than 50% of the extinction in the upper colder parts of cirrus. However, in the lower warmer region, they found that large ice crystals dominated the cloud and small particles were only responsible for 10% of the extinction.
Using a 2 km thick idealized cirrus cloud, Fu and Liou (1993) showed that decreasing ge D from 50 µm to 25 µm increased IR heating (cooling) by a factor of 2 at the base (top) of cloud with a little change in solar heating. They also showed that the net cloud forcing at the TOA due to this where the forcing may be negative. A study of the radiative effects of small ice particles, conducted by simulating stratiform anvils in the upper tropical troposphere using a one dimensional cloud model, showed that neglecting small ice crystals (D < 20µm) could amount to an uncertainty of ≈ 40 Wm -2 in the diurnally averaged net cloud forcing at the top of the atmosphere (Zender and Kiehl 1994) due to a significant increase in solar albedo. Also, the climate sensitivity study conducted by McFarquhar et al. (2003) shows that changing effective radius from 30 µm to 10 µm amounts to a 25% increase in short wave forcing at TOA and at the surface. Although there have been some studies of the effect of small particles based on some idealized cirrus clouds or assumed variation in mean size of ice particles, the radiative impact of neglecting small ice particles in General Circulation Models (GCMs) has not been considered using two separate parameterizations of ge D , one that considers small ice particles and the other that neglects these particles. Although the actual contribution of small ice particles is not accurately known, it is necessary to test the sensitivity of neglecting these particles in parameterization of ge D using the currently available measurement information.
As noted above, based on in-situ observations, Boudala et al. (2002) developed parameterizations of the mean effective size of ice particles as a function of ice water content and temperature, and temperature alone, with and without small ice particles (D ≤ 100 µm). The purpose of the present work is to study the sensitivities of the radiation budget and climate simulations to these different parameterizations. The sensitivity of climate simulations will be studied using 5 year simulations with the third generation atmospheric general circulation model (AGCM3) of the Canadian Centre for Climate Modeling and Analysis (CCCma).
The CCCma AGCM
The CCCMA third generation atmospheric general circulation model (AGCM3) is used to investigate the climate impact of the small ice particles. This model is a successor to AGCM2 described by McFarlane et al. (1992) . The horizontal spatial structure of the main prognostic variables in AGCM3 are represented by the spectral transform method similar to AGCM2 while the vertical structure is represented by rectangular finite elements defined for hybrid vertical coordinates (Laprise and Girard, 1990) . The model has 32 layers extending approximately up to 50 km above the surface or 1hPa. Surface exchanges of heat, moisture, and momentum are parameterized following Abdella and McFarlane (1996) . Atmospheric convection is parameterized by a cumulus parameterization as described by Zhang and McFarlane (1995) .
Cloud cover is specified as a function of relative humidity. The cloud water content is assumed to be proportional to the adiabatic value found by vertically lifting a parcel of air through a specific depth (Betts and Harshvardhan 1978) similar to AGCM2. The zonal mean distribution of background aerosol (sulfate, dust and sea salt) is implemented based on Shettle and Fenn (1979) .
The solar radiation part of this model is based on Fouquart and Bonnel (1980) with an extension from 2 spectral bands to 4 spectral bands (McFarlane et al. 2005) . The infrared radiation part is based on Morcrette (1991) with the updated water vapor continuum scheme of Zhong and Haigh (1995) , which is a parameterization based on LBLRTM CKD2.2 (Clough et al. 1989 CFC are considered in the infrared radiation.
The water cloud optical properties are parameterized by Dobbie et al. (1999) for solar radiation and by Chýlek et al. (1992) for the infrared. The ice water optical properties are parameterized by Fu (1996) for solar radiation and Fu et al. (1998) for the infrared. In the original radiation algorithm for GCM3, the mean effective size ( ge D ) of non-spherical ice crystals is defined in terms of IWC based on Lohmann and Roeckner (1996) . This parameterization will also be briefly discussed in following sections.
It is worth noting that the radiative transfer scheme used in Morcrette (1991) is the so called emissivity method. The infrared scattering is neglected and the flux at a certain level is determined by the thermal emission and absorption. The parameterization of Chýlek et al. (1992) for water cloud optical properties matches with such an emissivity method. For ice cloud, we generate the ice cloud emissivity based on Fu et al. (1998) .
The parameterization of the mean effective size of ice particles used for this study is based on Boudala et al. (2002) and given as 
without (Eq.2) and with small ice particles (Eq. 3) respectively, where T is temperature in o C and IWC is gm -3 . However, it should be mentioned that in most GCMs, IWC is generated through a parameterization of microphysical processes regardless of the particle sizes considered in the parameterizations. Therefore, the model predicted IWC is assumed to represents the total IWC that includes the small ice particles.
Sensitivity experiments
The numerical experiments to be discussed below were designed to study aspects of the sensitivity of climate simulations to specification of the effective size of ice crystals in clouds. In the operational version of AGCM3, the mean effective size parameterization of ice particles is based on that used by Lohmann and Roeckner (1996) , which is given as ge D =129 IWC 0.216 , but limited to be no smaller than 31 (µm) and not allowed to exceed 77 (µm). The effect of using this parameterization will be compared with that of using the parameterizations of the mean effective size based on Boudala et al. (2002) that are given in Eqs. 2 and 3. In AGCM3, the total IWC is generated through a parameterization of microphysical processes as discussed above. 
Garrett et al 2003). However, the in-situ observations in tropical cirrus anvils reported by
Garrett et al (2003) suggests that ge D in the tropics is comparable to that found at higher latitudes and the magnitude mainly depends on temperature. This is consistent with findings in this research. Nonetheless, there is no simple and meaningful way to combine the mid-latitude parameterization with the one developed for the tropics in the current CCCma GCM3. (December, January, and February). Generally the highest differences in OLR are found in the tropics reaching 15 to 25 Wm -2 in areas where convective clouds that are associated with the inter-tropical convergence zone are commonly found. These anomalies seem to propagate with the cloud bands northward in summer and southward in winter. The anomalies are also mostly positive which implies that in the absence of small ice particles, the atmosphere is much more transparent to IR radiation. Since no significant anomaly in simulated cloud moisture (see for example Fig. 2 showing the relative humidity anomaly both for winter and summer) can be considered responsible for these changes, the change in the effective size due to adding small ice particles seems to be responsible. The inclusion of small particles can enhance both the cloud top cooling and cloud base warming due to the fact that the decrease in effective size increases both absorption and emission of the IR radiation. However, more upward infrared flux from the lower atmosphere (below the ice cloud) is absorbed by the cloud due to the fact that the flux emitted from cloud top is generally smaller than that from the lower atmosphere, since the temperature at the top of ice cloud is generally much colder than that of the lower atmosphere.
3a. Sensitivity in the IR radiation and comparison with satellite observations
Therefore, the net result is a reduction in OLR when the small ice particles were included.
Similar results have been found by Stackhouse and Stephens (1991) .
The enhanced anomaly in OLR in the tropics shown in Fig. 1 can be explained using Fig. 3 , which shows the change in the effective ice crystals size due to adding small ice crystals, plotted against temperature. The small ice particle contribution increases with decreasing temperature reaching up to 50% at very cold temperatures. The ice clouds in the tropical upper atmosphere are found at much higher levels and much colder temperatures than the clouds found in the high latitudes and responsible for much of IR forcing (Hartman et al., 1992) . This consideration is consistent with observations during the International Cloud Climatology Project (ICCP) (Doutriaux-Boucher and Seze, 1998) and satellite observations (Riedi et al. 2000) which indicate that the frequency of occurrence of cold ice clouds tends to be a maximum in the area of the intertropical convergence zone. As a result of this, the effect of adding small ice particles to the IR flux at the top of the atmosphere is much more pronounced in the tropics as compared to the high latitudes, reaching 15 to 25 Wm -2 within the intertropical convergence zone. Note that in 
The operational parameterization based on Lohmann and Roeckner (1996) gm and thus it is not surprising to see the significant differences between the two simulations in the tropics that are depicted in Fig. 5 . It should be mentioned that in most current GCMs, which also includes the CCCma GCM3, when a new parameterization is being implemented, usually some kind of tuning is required in order to get best result as compared with observations. However, with the new parameterizations, no such tuning was applied in GCM3 and thus the radiative response of the model due to these different parameterizations of ge D cannot be compared directly. given IWC, this causes more solar radiation to be reflected back to space.
3b. Sensitivity in solar radiation and comparison with satellite
Generally, the satellite observation predicts stronger short wave cloud forcing (by more than 20 Wm -2 ) in the Southern Hemisphere as compared to the CCCma model simulations. However, outside the tropics in both hemispheres, the new parameterizations that include small ice particles seem to be a slightly better predictor of the short wave cloud forcing at high latitude regions (both hemispheres) as compared to the one that does not include small ice crystals.
However, it should be noted that zonal averaging removes the spatial variability around the latitudinal circles of cloud forcing associated with the different parameterization of ge D . As discussed in the previous sections, the effect of small particles on the radiation field is much higher for the data which is not zonally averaged. 
3c. Sensitivity in net radiative forcing
Adding small ice crystals in the radiation parameterization has two potential effects in the atmospheric radiation budget. It increases the IR absorption, which tends to warm the atmosphere, and secondly, it enhances the scattering of solar radiation, which tends to cool the atmosphere. It is the net energy balance ( E ) at the top of the atmosphere, which determines whether the atmosphere is on average warming or cooling. This net energy balance at the TOA is defined as the difference between the energy (mainly solar) that is entering the atmosphere and the thermal (IR) energy that is leaving the atmosphere. implies that the atmosphere gains more energy in the presence of small ice crystals. In winter, the incoming solar radiation is reduced in both hemispheres, but the IR flux is relatively unchanged.
This may be one part of the reason why the effect is much stronger in winter season as compared to summer season. It should also be noted, however, the strongest effects are very much localized and almost randomly distributed. As a result of this, it is relatively hard to explain based on the general atmospheric circulation. However, it is worth mentioning that comparisons of the outgoing IR flux in Fig. 1 and the energy balance in Fig. 8 for both winter and summer have some similarities. In the winter season, over the North Atlantic, Indian Oceans, and
Southern Africa the strong reduction in outgoing IR fluxes are correlated to the minimum in energy loss shown in Fig. 8 . In the summer months (see figures 1 and 8), for examples, over
North Western Africa,, the Eastern and Western coasts of South American continent, and some parts of the Indian Ocean a similar behavior is shown suggesting that the reduction in IR flux due to adding small particles plays a significant role in the seasonal radiative energy balance of the globe.
In winter, the global mean energy balance at the TOA was calculated to be 10.6 Wm -2 with small ice crystals, but without small ice crystals it was 9.5 Wm -2 . This means that the atmosphere gains net energy of 1 Wm -2 due to adding small ice crystals. The calculated energy balance difference at the ground was significantly higher at 1.7 Wm -2 , which implies that the net energy lost to the ground by the atmosphere is reduced by about 1.7 Wm -2 as a result of adding small ice crystals. In summer, the net change in energy balance at the top of the atmosphere is unchanged, but at the ground the net change is reduced to 1.3 Wm -2 .
The net global mean cloud forcing at the TOA in summer was -21. 
Summary and conclusion
Parameterizations of effective sizes of ice crystals as a function of temperature, IWC and temperature with and without small ice crystals (D ≤ 100 µm), have been tested using the Canadian Climate Centre for Climate Modeling and Analysis (CCCma) third generation general circulation mode (GCM3). For in this study, a 5 year seasonally averaged data set has been used.
The GCM simulation results indicate that the addition of small ice particles seem to play two major roles which may influence the climate. First they inhibit the IR radiation from escaping to space and, second, they enhance the scattering of solar radiation. On average, these two effects are normally expected to cancel each other, but seasonal averaged global distribution of energy balance data shows the small ice crystals make clouds more opaque to IR radiation. This effect is stronger in the winter hemisphere.
The global seasonal mean radiative forcing at the top of the atmosphere due to adding small ice particles is comparable to the estimated radiative forcing due to the increase in green house gases since the industrial period began. It should be mentioned, however, that the simulation with ge D that contained small ice crystals gave higher cloud forcing (IR and Solar) in the tropical cloudy regions as compared to the satellite observations. Therefore, the radiative forcing may be slightly overestimated in the tropics, but the sensitivity of cloud radiative forcing to small ice particle is valid whether the parameterizations apply in the tropics or not. The difference between the simulations may be explained based on the fact that ice clouds in the tropical upper atmosphere are found at much higher levels and much colder than the clouds found at high latitudes. Therefore, since the contribution of small ice particles to the effective size of ice crystals increases with decreasing temperature, the parameterization that includes small particles would predict smaller effective sizes of ice crystals and thus higher cloud forcing in tropical cirrus as compared to mid latitude cirrus.
The model simulations were also compared to satellite observations. Model simulations based on the new parameterizations, that include small ice particles, overestimated the effects of both long wave and short wave forcing at the top of the atmosphere in the tropics where the significant high clouds are formed as compared to observations. One explanation for this is that at the top of the atmosphere based on a five year simulation of winter months (DJF) (first panel) and summer months (JJA) (second panel).
